and seasonal variation in temperature than temperate or boreal forests, and over 57 geological time have experienced a relatively stable climate, potentially reducing the 58
photosynthetic capacities (Vcmax, Jmax) shift with higher growth temperatures? Theexperiment was performed during an anomalously hot period, including a heatwave 27 during the acclimation period. Our key findings are that: 1) the eT treatment reduced 28 gs more than the eC treatment, 2) reduced gs caused an increase in leaf temperatures, 29 and 3) net photosynthesis and photosynthetic capacities showed very high 30 temperature tolerances with no evidence for acclimation to the eT treatment. Our 31 results suggest that A. glandulosa may be able to cope with increases in air 32 temperatures, however reductions in gs may cause higher leaf temperatures beyond 33 those induced by an air temperature rise over the coming century. (maximum rate of electron transport). A recent study of four tropical tree species 99
showed that gs rather than Vcmax or Jmax limited net photosynthesis beyond Topt (Slot &elevated CO2 (ambient temperature, 800 ppm CO2, aTeC), iii) elevated temperature 151 (temperature 1.5°C above ambient, ambient CO2, eTaC), and iv) elevated CO2 and 152 elevated temperature (temperature 1.5°C above ambient, 800 ppm CO2, eTeC). Each 153 chamber had an air inlet at the base with a fan, and a spiral heater and/or CO2 gas inlet 154 was present depending on the treatment ( Figure S1 ). Temperature within the chamber 155 was thermostatically controlled using RICS software (Remote Integrated Control 156 System) with the heater switched on or off to maintain a higher temperature than the 157 unheated chambers. No attempt was made to control for differences in D due to 158 temperature treatments as increases in temperature would be associated with increases 159 in D under future conditions assuming no change in relative humidity. CO2 was 160 passively added to the eC treatments through the use of pressurized CO2 cylinders. 161
The CO2 concentrations of the eC chambers was monitored daily and the flow into the 162 chambers altered at a valve if the concentration decreased. The eight healthiest of the ten seedlings in each chamber were selected for 180 measurement of leaf temperature. On each selected seedling, one fully expanded 181 healthy leaf was chosen (typically the fourth or fifth newest leaf). These leaves were 182 formed inside the glass house but prior to movement of the seedling into the OTCs. 183
Prior to selection, we verified that the leaves were photosynthetically active. A two-184 junction thermocouple (copper-constantan, type T) that measured leaf-to-air 185 temperature difference (ΔTL) was attached to the abaxial surface of each sample leaf 186 For all measurements, h was maintained as close as possible to 50 % using a 230 combination of desiccant and adjusting the air flow rate; it was difficult to maintain 231 this h at leaf temperatures above 37 °C (on average 46 %, minimum values were 40 232 %). The temperature of the chamber was mostly controlled using the inbuilt 233 temperature control system. In addition, for most of the measurements the sensor head 234 was placed inside a specially designed temperature control chamber to enable better 235 control of the chamber temperature (Yepes Mayorga 2010). The temperature control 236 box was switched off during measurements but was used to aid the change of 237 chamber temperature between measurements. Measurements were made at an 238 atmospheric pressure in the greenhouse of 92.6 kPa. deficit DL (where leaf temperature was taken from thermocouple data), with 259 interactions with CO2 treatment and warming treatment were compared using AIC to 260 select the best model with the function 'dredge' in R package MuMIn (Bartoń 2017) . 261
Again, a linear mixed effect model with leaf as a random factor was used to account 262 for multiple measurements of the same leaf/seedling. A quadratic effect of time was 263 also included in the model to account for diurnal changes in gs not directly linked to 264 PAR, temperature or DL. R 2 for mixed-effects models are given using as the marginal 265 pseudo R 2 that accounts for fixed factors only rather than the conditional pseudo R where Ca is the atmospheric CO2 concentration in the leaf chamber. The model was fit 273 for each leaf, and the g1 parameter was compared between chambers using ANOVA. temperature. This was particularly clear at night, but also occurred during the day. 284
When the heater was switched on, the ΔTL became more negative as the air heated 285 faster than the leaf ( Figure S3 ). The ΔTL then rose to reach an equilibrium 286 temperature. Because of this cycle in the ΔTL data, it was not possible to compare leaf 287 temperatures directly between the ambient and heated chambers, and hence direct 288 comparisons on ΔTL were only made between CO2 treatments within temperature 289
treatments. 290 291
The temperature response of photosynthesis is typically modelled as a parabolic curve 292 which provides a Topt parameter (e.g. Robakowski et al. 2012). However, as no 293 evidence of a decline of A with increasing TL was found (see section 3.4), we could 294 not use the parabolic curve to find Topt (Fig. S4) which was beyond the range of our 295 measurements. Hence, a linear mixed effect model with leaf as a random factor was 296 used to test the relationship between A and TL. As for stomatal conductance we 297 selected the best model based on AIC from all possible models, here including TL as a 298 continuous fixed effect and interactions with CO2 treatment and warming treatment. Tk is the leaf temperature (°K) and R is the universal gas constant (8.314 J mol -1 K -1 ) . 312
The parameters were fit using non-linear least squares (R function nls). This function 313 was fit separately for each chamber, and significant differences in parameter estimates 314 were tested by comparing the 95 % confidence intervals (following Varhammar et al. gs and DL was weak (with no significant effect of DL alone, Table 1 ) and varied 360 between treatments (interactions between heat treatment and DL, and heat treatment, 361 CO2 treatment and DL were significant, Table 1 ). Under the aTeC and eTeC 362 treatments gs was fairly invariant with DL, whilst under the eTaC treatment gs 363 declined with DL and under the control aTaC treatment gs increased with DL. 364
However, there is large scatter in the data (Figure 4, Figure S6 ). 365
366
The parameter g1 (inversely proportional with the carbon cost of transpiration and 367 hence low when a plant is conservative in its water use) estimated from the A-TL 368 curves did not show any significant differences between chambers, despite a lower 369 mean for the eTaC chamber ( Figure 5) . 370 
Discussion 425
In this study we present a factorial elevated temperature and elevated CO2 experiment 427 with juveniles of a tropical pioneer species. The study was performed under high 428 temperature conditions including a heatwave during the acclimation period (Figure 1 
457
A limitation of our experiment and its comparability with other studies is the short 458 duration of exposure to the treatments. We measured the physiological responses on 459 leaves formed before initiation of the experiment, which had been exposed to the 460 treatments for c. 5 weeks. As stomatal properties (e.g. density) often differ on leaves 461 formed in high CO2 environments (Saxe et al. 1998), there could potentially be 462 greater changes than we observed, had new leaves formed. Whilst this is quite 463 possible, the long-term response of gs to CO2 is typically similar to the short term 464 response (Way et al. 2015) , and hence while the mechanism of reduced gs may be 465 different in short and long-term studies, the gs may be similar. However, a caveat to 466 our results is that to truly observe the acclimation of leaves to the treatments, longer 467 acclimation periods and production of new leaves is necessary. incorporates the ambient CO2 concentration, and if the short-term and long term gs 476 response to CO2 is the same there would not be a difference. The declines in gs are not 477 driven purely by higher DL in the eT chambers as there are significant differences 478 even when DL is controlled for (Table 1, Figure 4 ) or when gs is analysed within a 479 narrow DL range (data not shown). This shows acclimation of gs due to higher air 480 temperature and/or DL (both quantities strongly co-varied) which will reduce water 481 loss from the plants. There were no significant differences in gs between the eTaC and 482 eTeC treatments, hence the response to the temperature treatment (with significant 483 differences) was stronger than the response to the CO2 treatment. The result is 484 surprising given the very mixed results in the limited literature on elevated 485 temperature impacts on gs, and even more so given that in this study the temperature 486 The gs dataset also showed a weak relationship with respect to DL, which varied with 521 treatment (Table 1, Figure 3 ). Other studies with a congeneric species show that gs of 522 expected for low wood density pioneer species compared to species with higher wood 525
density (Lin et al. 2015). In addition, as the species is commonly found in riparian 526
areas (and therefore with access to a good water supply), its lack of stomatal control is 527 not surprising. Our results show that despite a weak instantaneous response of gs to 528 microclimate, A. glandulosa still showed acclimation and reduction in gs in response 529 to long-term microclimate change. Hence, the short-term response of gs does not 530 provide information on the long-term response. 531 532
CO2 impacts on leaf temperature 533 534
The lower gs as a result of elevated CO2 caused increases in leaf temperatures (Figure  535 5). The differences in ΔTL increased with increasing PAR at the leaf surface, and to a 536 lesser extent with increasing air temperature and D. This shows that the differences in 537 leaf temperatures due to CO2-altered gs are more apparent under high thermal stress 538 conditions (high PAR and high air temperature), and therefore that this impact is 539 likely to be stronger under heat waves, which are expected to increase in frequency 540 during the 21 st century (Coumou & Robinson 2013 ). When at high air temperatures, 541 differences in ΔTL due to reduced gs could have significant consequences, as seen in 542 observations of premature leaf senescence during a heatwave in a temperate FACE 543 experiment (Warren et al. 2011) . While the average differences in ΔTL between aTaC 544 and aTeC reached 2.8 °C under high light and air temperature, the light conditions 545 were limited by the greenhouse environment which reached only 1000 mol m -2 s -1 . 546
Under field conditions where incoming PAR can reach over 2500 mol m -2 s -1 the 547 impact of reduced gs on ΔTL could be much higher. Unfortunately due to ΔTLfluctuations induced by heating the air ( Figure S3 ) it was not possible to assess the 549 impact of the high temperature treatment compared to the control. Within the two 550 high temperature treatments there were no significant differences in ΔTL under any 551 microclimate between the elevated and ambient CO2 treatments, which is expected as 552 they did not show any significant differences in gs. 553 554
Temperature and CO2 impacts on photosynthesis 555 556
The elevated temperature treatment had no discernible effect on A or photosynthetic 557 capacity and their responses to elevated temperatures. The high temperature tolerance 558 of both A and photosynthetic capacity was marked, with no decline in A found even at 559 40 °C. Consequently, we were not able to assess shifts in Topt with treatment as Topt 560 was above the maximum temperature under which we performed measurements. It is 561 worth noting that such high leaf temperatures are often considered to be detrimental to 562 and showing tolerance to the high temperatures to which they were exposed. 579
Measurement under higher temperatures would be necessary to find the Topt for these 580 , and leaves may achieve higher 595 photosynthetic rates. The low light conditions in the greenhouse also have 596 implications for the high temperature tolerance observed. Because at highneed for photoprotection from high incoming radiation. Perhaps under the higher lightconditions found in the field, very high temperature tolerance of photosynthesis may 600 be more difficult to achieve. Field studies under high temperature conditions are 601 needed to establish whether the high tolerance we find here also occurs under natural 602 conditions. 603
604
As for gs, the impacts of increased CO2 followed expectations from previous studies 605 with increased net photosynthesis when measured at growth CO2, a steeper slope of A 606 in response to temperature, and downregulation of photosynthetic capacity (Figure 8 , 607 9). The steeper slope is due to the reduction in oxygenation of Rubisco due to higher 608 ci under elevated CO2, which otherwise increases with temperature due to the reduced 609 affinity of Rubisco for CO2 with higher temperature (Long 1991). The effect of the 610 downregulation can be seen when the temperature response of A is plotted with added 611 points taken from the A-ci curves at 400 and 800 ppm CO2 for the elevated and 612 ambient CO2 treatments respectively, showing that without the downregulation of 613 photosynthetic capacity A would have been higher in the elevated CO2 treatment 614 ( Figure S9) . 615 616
Conclusions 617 618
This study demonstrates that the tropical tree species Alchornea glandulosa shows 619 strong responses of stomatal conductance to elevated temperature and of 620 photosynthetic parameters to elevated CO2. While a very high temperature tolerance 621 of photosynthesis was observed in this species, photosynthetic rates were low under 622 the high growth temperatures. These results show that this species will be able to copewith the predicted atmospheric changes over the coming century. Therefore, it is anappropriate species for reforestation activities, which are planned and ongoing in the 625 
UK. 773
Šigut, L., Holišová, P., Klem, K., Šprtová M., Calfapietra, C., Marek, M.V., Špunda, 873 Temperature and CO2 refer to treatment effects. Asterisks denote P values: *** P < 932 0.0001, ** P < 0.001, * P < 0.05,  P < 0.1, ns not significant. 933
Model Term
Numerator temperature treatment, and between aC and eC under the elevated temperature 987 treatment, using mixed effects models with leaf as a random factor. Data is from ΔTL 988 measurements at 10 s temporal resolution subsetted for specific chamber air 989 temperature (TA) and D conditions, and leaf surface PAR conditions. Asterisks denote 990 P values: *** P < 0.0001, ** P < 0.001, * P < 0.05, ns not significant. parameters are given in Table 3 . 
